On the basis of the general character and operation of the process of perception, a formalism is sought to mathematically describe the subjective or abstract/mental process of perception. It is shown that the formalism of orthodox quantum theory of measurement, where the observer plays a key role, is a broader mathematical foundation which can be adopted to describe the dynamics of the subjective experience. The mathematical formalism describes the psychophysical dynamics of the subjective or cognitive experience as communicated to us by the subject. Subsequently, the formalism is used to describe simple perception processes and, in particular, to describe the probability distribution of dominance duration obtained from the testimony of subjects experiencing binocular rivalry. Using this theory and parameters based on known values of neuronal oscillation frequencies and firing rates, the calculated probability distribution of dominance duration of rival states in binocular rivalry under various conditions is found to be in good agreement with available experimental data. This theory naturally explains an observed marked increase in dominance duration in binocular rivalry upon periodic interruption of stimulus and yields testable predictions for the distribution of perceptual alteration in time.
I. INTRODUCTION
Several authors (London and Bauer, 1983; Manousakis, 2006; Mavromatos and Nanopoulos, 1998; Penrose, 1989; Schwartz et al., 2005; Stapp, 1980 Stapp, , 2003 Stapp, , 2007 including the founders of quantum mechanics (Jung and Pauli, 2001; Schroedinger, 1967; Von-Neumann, 1955; Wigner, 1983) have discussed the possible relation of consciousness to quantum theory. It has also been argued that the mathematical formulation of quantum mechanics is a broader foundation (Manousakis, 2006) which can be adopted to describe the most elementary mental events, i.e., the subjective experience of the process of perception. In the present paper, on the basis of the general character and operation of the process of perception, it is suggested that the formalism of orthodox quantum theory can be adopted to mathematically describe the subjective or mental process of perception. We stress that the mathematical formalism presented here does not aim at describing the brain dynamics of the observer as measured by an observing instrument or by a second external observer observing the brain of the first, but rather its aim is to describe the dynamics of the subjective or mental experience as communicated by the first observer himself. Namely, we seek a formulation to describe the dynamics of the abstract or mental process of the subjective experience or the process of perception, for example, the testimony of observers quantified by the recordings of a time series of events occurring in their experience of binocular rivalry. What is meant by these statements is clarified in the following section by means of a simple example.
As described in the following section, an attempt is made to give a precise mathematical description of the character and operational nature of the process of perception as experienced by subjects; it is argued and demonstrated in Sec. II by means of examples that the mathematical formalism of standard quantum mechanics, as we currently know it, may be sufficient to quantitatively describe aspects of our conscious experience and abstract mental processes. The difference between the earlier work on the connection between quantum theory and consciousness and the present work is that, here, we postulate and we present arguments to justify it, that the formalism of quantum theory can be used to describe mathematically the subjective or mental processes, such as the operation of perception in binocular rivalry. The formalism is constructed with the goal to describe empirical data which are recordings of the experience of observers to various stimuli, without a need to identify a material system where the function of perception is manifested. Namely, the aim is to describe the inner or mental experiences of observers, and, the goal is not to describe an objectively existing physical system. In the present paper, we explore further the quantitative connection of the formalism of quantum theory using the formalism of standard quantum theory (Manousakis, 2006; Stapp, 1980 Stapp, , 2003 Stapp, , 2007 Von-Neumann, 1955) and by applying the formulation to the well-known psycho-physical phenomenon of binocular rivalry (Blake and Logothetis, 2002; Leopold and Logothetis, 1999; Tong et al., 2006) . The theory presented here should find application in psycho-physical phenomena where elementary aspects of the process of perception are demonstrated.
The problem of binocular rivalry has a long history, and there are successful models (Freeman, 2005) to describe it using concepts and tools of the classical computational neuroscience. The aim of the present paper is not to show that the quantum formalism is the only way to describe the experimental results on binocular rivalry or that the above mentioned classical approach is insufficient. Its purpose is, rather, to examine whether or not the available empirical data pertaining to binocular rivalry fit well with the results of a model where the formalism of quantum theory is applied to a simple two state system. It is demonstrated that the application of orthodox quantum theory works well and, therefore, might constitute a useful foundation for understanding the connection of the central nervous system to the subjective perception and qualia. It might, therefore, be complementary to models of classical neuroscience. The basic formalism used in the present paper is identical to that of standard quantum theory in conjunction with the ideas and the interpretation presented in the works of Von Neumann (Von-Neumann, 1955) Stapp (Stapp, 2003) and Manousakis (Manousakis, 2006) . However, the reader does not necessarily have to resort to these works because we have made an attempt to make this document self-contained. Namely, all the necessary mathematical apparatus is introduced here in the following section and is adopted to describe binocular rivalry.
II. GENERAL FORMULATION
A. Potentiality and actuality In Fig.1 we present an ambiguous drawing in order to provide a simple example of the utility of the concept of potential consciousness which will be used in describing perception. Notice that our consciousness offers two potential interpretations of this ambiguous figure: We can perceive it as a folded paper with its edge below or above the plane of the drawing. The reader is encouraged (a) first to try to perceive each of these two interpretations separately, and (b) while watching the drawing to try to stick to one of the two interpretations. Notice that the suggestion (b) is difficult to follow because the two different interpretations alternate in perception every few seconds. Therefore, there are two different potential perceptions of this figure, let us say, symbolically 1 and 2, the one in which the edge is below and the one in which the edge is above the plane respectively. If we ask: "what is the actual figure, is one in which the edge is above or below the plane?" The answer to this question is: "neither" or, equivalently, the answer can be also: "both". This reminds us of the question: "where is the electron in the atom?"
One of the claims of the present paper is that the best way to describe the state of our consciousness between such perceptual events can be written as:
where |1 and |2 denote two orthogonal unit vectors spanning a vector space and the coefficients c 1 , c 2 , in general, are complex numbers. The reason for using this notation (known in physics as Dirac notation) is for a notational convenience which will become clear in the following few steps. The unit vector |1 corresponds to one of the perceptions and the unit vector |2 to the other perception. The vector |v given by the linear combination in Eq. 1 describes the state of potential consciousness which corresponds to the stimulus which is neither 1 nor 2; it becomes (or it is realized as) 1 or 2 through the event of a particular perception. In a similar sense the process of measurement in quantum theory (which, in the problem discussed here, corresponds to the conscious realization or conscious event) brings into existence a particular "reality" through the so-called wave-function "collapse". We will see in the following subsection that the coefficients c 1 , c 2 are related to the likelihood that the state 1 or 2 will be realized at a given time. Notice that, as special cases the state described by Eq. 1 includes the "pure" states 1 and 2, but the state of potential consciousness is neither; it corresponds to the linear combination given by Eq. 1. This vector |v , which corresponds to the state of potential consciousness, changes in time and we will discuss the equation which gives its time evolution in Sec. II.C. When we perceive the stimulus as either 1 or 2, a perceptual event occurs which brings into perception one or the other experience. We may use the expression that, when state (or interpretation) 1 occurs, the state of potential consciousness |v "collapses" to |1 . In order to describe the dynamics of such perceptual or mental events we will use the notion of potential consciousness and we will show that such a tool is very useful in describing the evolution and distribution of dominance durations in binocular rivalry. In order to achieve that, we need an equation to describe the time-evolution of this state. However, before we discuss this, we should introduce a few other prerequisites.
Notice that in a Hilbert space, the complex conjugate of the first vector in the inner product is used. This allows us to define a norm, a measure, in this space, namely, the inner product of a vector with itself is a positive real number and can be used as the measure of the "length" of the vector. Also notice in the above notation that we may regard the vector |v ′ as a 2 × 1 matrix and we may regard the entity v| ≡ (c * 1 , c * 2 ) as a 1 × 2 matrix obtained as the transpose of |v , i.e., by converting its rows into columns and taking the complex conjugate of its elements. In this way, the inner product of two vectors is the matrix multiplication of a 1 × 2 with a 2 × 1 matrix as shown in Eq. 2 above. In addition, this justifies the origin of the notation v|v ′ used for the inner product. Now, the absolute magnitude of the inner product between two vectors can also be used to measure how "close" to one another these vectors are. For example, two vectors having zero inner product, implies that these two vectors are orthogonal to each other and this is the largest possible difference between two vectors. Two vectors, each normalized to unity (the norm of each of the vectors is 1), with inner product equal to 1, implies that these two vectors are identical. The inner product will be used in the next subsection where we need to compare two states of potential consciousness.
Therefore, in order to provide a description for the process of perception as a mental (as opposed to a physical) process we introduce a state of potential consciousness which includes the potentialities and the likelihoods for all possible conscious experiences. This state evolves in time and it drastically changes by actual conscious events. To describe this mathematically, for the general case, we write the state of potential consciousness as a vector or a linear superposition of all potential events |i , i.e.,
where c i are, in general, complex numbers and they are related to the probability to actualize the event i whose potentiality is represented by the basis vector |i . The set of all possible potential events |i forms a complete basis in a Hilbert space describing all potential outcomes.
B. Operation of Consciousness and observation
The previous example tells us, that the stimuli have in some sense an "unfathomable" existence, or they exist as potentialities, namely, we can not talk about them directly but only of how they are perceived, i.e., after they have been operated upon by the process of conscious perception. The cake is not sweet before we experience the taste produced through the reaction of our sensory apparatus; before it is tasted, it is potentially sweet. Hence, these potentialities can be actualized directly through the action of the corresponding "organ" of perception in the brain. This operation of consciousness called perception or measurement causes an actual experience and an actual conscious event.
The state of potential consciousness becomes an actuality, i.e., a conscious event occurs, through the operation of conscious attention. For example, imagine that you are having dinner with a number of friends in a round table and several conversations between sub-groups take place simultaneously. When you pay attention or participate in one of the discussions, while the other physical stimuli such as voices come to your instruments of perception, these other stimuli fade and you become aware only of the discussion to which you are paying conscious attention. One can voluntarily switch from one conversation to another by making an effort to enhance the probability of having a "collapse" in a particular desired sector of potential events.
In order to describe this operative process of consciousness we conceptualize consciousness (the thinker) as an actor (or operator) which acts on the state of potential consciousness and makes actual one of the various potentialities. For example, consciousness can only perceive change, i.e., differences, variations, alterations. Imagine an observer who had no prior experiences at all and, suddenly, the observer begins to have a stream of experiences. The observer compares his new observation with a bank of prior experiences and this makes observation a comparative process. The comparative character of the perceptual measurement process is also demonstrated by psychophysical evidence for contextual effects (Schwartz et al., 2007) . Namely, the perception of a target input depends strongly on both its spatial context (what surrounds a given object) and its temporal context (what has been observed in the recent past). At first, this idea that we only observe change, might be difficult to accept because we know that we are able to observe a static object. In actuality, however, we are able to observe the object because of the constant change caused on our retina by the light coming from the object. This change produces an electric potential difference which will cause a neuron to fire. In order to be able to see the same static object "continuously", the neuron has to be charged anew and when it "fires", it causes a perception. Therefore, one of the functions or operations of consciousness is to be able to perceive a change. The operator which measures change in space is the differential operator ∇, while the operator which measures temporal changes is ∂ t and both act on the state of potential consciousness |v .
However, we need to answer the following fundamental question: how does consciousness see or measure a change in the absence of an a priori content of memory to be used for comparison? What is the standard, or the measure, which consciousness should use in order to measure the new state? Namely, consciousness operates an inquiry (a question) which is represented by a particular operatorQ (a matrix) which acts on the state of potential consciousness |v and during this operation a new, transient, state of potential consciousness results which we represent as |v ′ =Q|v . Only one state from the set of the various potentialities will be actualized after the measurement; which one?
Let us analyze this question in terms of the example given above regarding the ambiguous figure. In this case, consciousness poses the question: Q = "Is the observed in state |1 ?" (|1 and |2 represent the two alternative states corresponding to the alternative percepts observed when observing the folded paper in Fig.1 ). The projection operator associated with the above inquiry Q iŝ
i.e., depending on the state, it acts as follows:
Now, how does consciousness measures the outcome of this inquiry? It has no measure or standard by which to carry out the measurement, other than the state of potential consciousness just before the inquiry, i.e., |v given by Eq. 2. Namely, the likelihood that the answer to this question is "yes" should be given by the comparison of the state |v ′ =Q|v with the state |v itself. Mathematically, this is evaluated by the inner product between theses two potential states, i.e., v|v ′ and this notation is defined by Eq. 2. As discussed in the previous subsection the inner product measures how close to each other two states of potential consciousness are. Thus, during the mental event or experience or "collapse" of the state of potential consciousness, the expected value of an observableQ is Q = v|Q|v .
Namely, this is the probability for the answer to the above inquiry to be "yes".
C. Evolution of potential consciousness
When we consider the time evolution of any vector |ψ(t) it is useful to define a different set of vectors forming a complete basis of the same Hilbert space. Such a basis set is formed by all the periodic states |ν t characterized by frequency ω ν (and period T ν = 2π/ω ν ), i.e., |ν t+Tν = |ν t ; the time evolution of these states is given by
and we define an operatorω which is a diagonal matrix in the basis |ν with eigenvalues ω ν , i.e., ω|ν = ω ν |ν .
The matrixω is Hermitian, namely, i|ω|j = ( j|ω|i ) * because it has real eigenvalues. The time-dependent state of potential consciousness can be expanded in a Fourier transformation as follows:
where c ν are Fourier expansion coefficients and, here, the sum is over both negative and positive ω ν . Using the definition ofω, Eq. 8 can be written as follows:
which implies that
and this is equivalent to the following evolution equation:
We have, therefore, transformed our original problem into one in which we seek an operatorω for the particular perception problem at hand. In the example discussed previouslyω is a general 2 × 2 Hermitian matrix. This is a Schrödinger-like equation of motion describing the dynamics of cognitive processes. Hence, the state of potential consciousness evolves in a similar way as the state vector evolves in standard quantum mechanics (Von-Neumann, 1955) , namely, as given by Eq. 10 where the time displacement (or evolution operator)Û is related to the frequency operatorω =Ĥ/h (whereĤ is the Hamiltonian in quantum mechanics andh is Planck's constant) as followŝ
namely, the frequency operator (which in general can change as a function of time) is the generator of infinitesimal translations in time. In our approach, Planck's constant does not enter in our equation of motion. Conscious events that occur are identified with the quantum mechanical "collapses" of the wave function, as specified by the orthodox quantum theory and the meaning of this concept was explained in subsection II.A above. The wave function, between such perceptual events, describes a state of potential consciousness which evolves via the Schrödinger equation. When a perceptual event is observed, where a wave-function "collapse" occurs through the process of measurement, it actualizes the corresponding neural correlate of consciousness (NCC) brain state.
III. APPLICATION TO BINOCULAR RIVALRY
A. Time evolution of potential consciousness
In binocular rivalry (Blake and Logothetis, 2002; Leopold and Logothetis, 1999; Tong, 2003) , which is an example of multi-stable perception (Orbach et al., 1966) , two different images are presented dichoptically to awareness. These two images are the stimuli for two different potential percepts and form the basis vectors in terms of which to express the general state of potential consciousness. The action of consciousness, i.e., through conscious attention, at a higher level causes the perception of a particular potentiality as a real event in consciousness by activating one particular percept. Through this operation of consciousness, the conscious percept (or symbol) acts and activates the corresponding neural correlates of consciousness (NCC) in the nervous system. Furthermore, a sequence of ordered events arise in consciousness as a time series t 1 , t 2 , ..., t n , at each one of which a perceptual change occurs and this defines a flow in consciousness.
State vector formulation: For clarity, we begin with the state vector formulation and below, the problem is also discussed using the density matrix formalism for completeness. We imagine two potential states of consciousness denoted as |1 and |2 which correspond to the two states which can be realized in the case of binocular rivalry, which are associated with two distinct NCC brain states. An arbitrary state of potential consciousness will be written as in Eq. 1 with
such that, after the process of projection, the probability for either distinct state to become actual, is unity. Therefore, in binocular rivalry, we have two rival states of consciousness associated with percepts |1 and |2 which, in turn, correspond to two different NCC states. For binocular rivalry, and more generally for a twostate problemω is a 2 × 2 matrix,
As discussed in Sec. II.C, the operatorω must be a Hermitian operator, therefore, h 21 = h * 12 . To simplify the problem, let us consider, the case where ǫ 1 = ǫ 2 = ǫ (namely, the two rival states are "degenerate", i.e., there is no preference for or bias against one or the other).
In order to solve Eq. 11 in the case whereω is time-independent, we generally proceed (Bohm, 1979; Von-Neumann, 1955) by finding the eigenvalues ω ν and the eigenstates |ν of the operatorω and by expanding the initial state |ψ(0) in the basis formed by the eigenstates, i.e.,
and the general time-dependent solution is given by Eq. 8. Let us suppose that the initial state is just one of the two states, for example state |1 . As long as there is no observation (conscious or involuntary attempts to project), the state of potential consciousness as a function of time is in a state given as follows:
The frequencyω = |h 12 | and it is given asω = 2π/T ; T is the characteristic period of the instrument of consciousness. The phase φ characterizes the off-diagonal matrix elements h 12 =ωe iφ . The diagonal elements ǫ ofω, in the case where ǫ 1 = ǫ 2 = ǫ, only contribute to an overall phase which has no observable effects.
Let us consider the inquiry Q: "is the observed in state |1 ?", which, for the binocular rivalry case, is represented by the same operatorQ given by Eq. 4. The expected answer to the inquiry Q is obtained by Eq. 5, and by straightforward substitution of Eq. 16 for the state |ν we find that:
Density matrix formulation: Now, let us turn our discussion to the formulation of the problem using the density matrix formalism. The density matrix for a general two state system is given bŷ
The equation of motion satisfied by the density matrix operator is
whereω is the frequency operator (ω =Ĥ/h) given by Eq. 14 for the binocular rivalry case. A measurement or observation takes place by means of a conscious inquiry which is represented by a projection operatorQ (i.e.,Q 2 =Q). For our case of the binocular rivalry the projection operator is given by Eq. 4. The result of a measurement is given as
If after such a measurement occurs and the answer is "yes" the state of potential consciousness is represented by a density matrix which equals the above projection operatorQ. If after the measurement is "no" the state of potential consciousness is represented by a density matrix given by1 −Q. Let us assume that at time t = 0 the state of potential consciousness corresponds to the state |1 , i.e., to a density matrixρ =Q. It is straightforward to show that the density matrixρ(t), which satisfies the equation of motion (19) for any time t, is given bŷ
By substituting this expression for the density matrix in Eq. 20 and using the expression given by Eq. 4 for the operatorQ, we obtain the same result for Q as in Eq. 17 above.
B. Measurement/projection in Binocular Rivalry
In order for an event to enter the stream of consciousness, a projection/measurement (see Sec. II.B in the introduction of this paper) must occur. Let us now assume that after time δt an observation or measurement is carried out where the state of consciousness is observed by operating (operationally asking) the question Q: "is the observed in state |1 ?" This is asked by applying the operatorQ = |1 1| (Eq. 4) on the state of potential consciousness |ψ t and the probability to observe the state |1 is given by ψ t |Q|ψ t = cos 2 (ωδt) (See Eq. 17). The operation of the inquiry on the state of potential consciousness actualizes the state |1 (or |2 ) with probability cos 2 (ωδt) (or sin 2 (ωδt/T )). If δt << T /4 there is high probability to observe the state |1 . Therefore, if we keep making conscious or involuntary attempts to observe frequently, the same state is projected (the quantum Zeno effect).
We will assume that in an interval 0 < t < t max a series of observing events occur each one of which causes the neurons to fire in bursts as illustrated in Fig. 2 . Let us assume that the observations take place at time instants t 1 , t 2 , ..., t n , ..., and these instances have been picked from a given distribution, an example of which is given in Fig. 2 . The probability that the initial state during the first i − 1 observations at the instances t 1 , t 2 , ..., t i−1 was repeatedly found to be |1 and found to switch to |2 at time t i , is
cos 2 (ω(t j − t j−1 ))). (22) In this case the dominance duration of the initial state is t i . Therefore, the probability density of dominance duration t is given as P (t) = n i=1 w i δ(t − t i ). This probability density can be calculated using a random walk Monte Carlo process where the time instants of the measurement events t 1 , t 2 ,...,t n , are chosen from a desired distribution similar to that of Fig. 2 . One simple choice of such a sampling technique is to select the first N f events which constitute the first burst as t i = t i−1 + δt (with t 0 = 0) where the variable δt is chosen from a Gaussian distribution with variance T f (or as a random variable uniformly distributed in the interval [0, T f ]). Similarly, the beginning of the next burst is chosen from a Gaussian distribution with variance T b (or as a uniform random variable in the interval [0, T b ]). A sample train of three such bursts produced using Gaussian distributions with T f = 5msec, N f = 60 and T b = 0.9sec is shown in Fig. 2 . , the average time between neuronal firing bursts, (b) the duration of the burst δT , and (c) the average firing rate r f = 1/T f within each burst. Notice that T b is of the order of 1 sec, δT is a fraction of a second and fs of the order of 100Hz. (Engel et al., 1992; Gray, 1994; Gray and Singer, 1989; Singer and Gray, 1995) In Section IX(Appendix) we present a detailed study of this model and how the results differ by changing the neuron firing rates.
IV. RESULTS AND COMPARISON WITH EXPERIMENT A. Probability distribution of dominance duration
In Fig. 3 , the distribution of dominance duration obtained using the present model is compared with the data obtained by Lehky (Lehky, 1995) and in Fig. 4 it is compared with the data obtained by Levelt (Levelt, 1968) . The values of the parameters used in the fit, which are given in the figure captions, are reasonable. Neuron firing frequencies of the order of 100Hz have been used in these calculations. As discussed in the appendix the probability distribution of dominance duration is not sensitive to the precise value of the spike frequency as long as the burst duration is kept constant. (Levelt 1968) Proportonal to Probability density Figure 4 Comparison with the data from Levelt using T b = 0.5, δT = 0.1, and T = 3. Time in Ref. (Levelt, 1968) is in units of the mean dominance duration. The time scale T is the period characterizing the evolution of the state of potential consciousness (See Section II.C).
Namely, by varying the spike frequency by even a factor of two or more (within the observed range of neuron firing frequency for the mammalian brain (Fries et al., 2002) ) and keeping the burst duration constant, we obtain the same probability distribution of dominance duration. The value of the frequency T is determined by setting the scale of time for the graph; the other parameters, which define the neuron firing pattern, are the average time between bursts T b and the burst duration δT and their values are consistent with the neuron firing pattern observed for the alert cat (Engel et al., 1992; Gray and Singer, 1989; Singer and Gray, 1995) Figure 5 Comparison of the theoretical distribution of dominance duration (solid line) with the data from subjects under the influence of the hallucinogen LSD. The theoretical curve is obtained using T = 2.0sec, T b = 0.25sec and
neuron firing patterns. The firing patterns might be somewhat different for neurons of the human cerebral or extra striate cortex, which is the case of our interest; therefore, the values found, in order to achieve good agreement with the observed PDDD, are reasonable.
The value of the oscillation period T is of similar magnitude to a value known as a characteristic time scale for a low-frequency mechanism that binds successive events into perceptual units (Peterson and Peterson, 1959; Pöppel, 1997) . In a study of the human auditory sensory system by examining the mismatch negativity (MMN) using SQUID magnetometry (Sams et al., 1993) it was found that the amplitude of the MMN as a function of the inter-stimulus interval becomes large at a time scale of the order of 3sec. More recently direct functional MRI measurements (Lumer et al., 1998; Polonsky et al., 2000; Tong and Engel, 2001; Tong et al., 1998) demonstrate that the perceived alteration is accompanied by responses in extra-striate cortex areas which are characterized by such time scales. In addition, oscillations at such very low frequencies which correspond to a fraction of a Hz have been observed in EEG patterns during the deep stages of sleep of humans (Achermann and Borbely, 1997; Ferri et al., 2005; Hobson, 2005) and of the cat cerebral cortex (Destexhe et al., 1999) .
In studies (Carter and Pettigrew, 2003) with a subject who took the hallucinogenic drug LSD an oscillatory behavior of the distribution of dominance duration was revealed. In Fig. 5 , the distribution obtained for the case of binocular rivalry and motion-induced blindness (MIB) from the subject under the influence of LSD is compared with the present model when we use the values of the parameters shown in the inset. Therefore, we conclude that, within the context of our model, the hallucinogenic drug changes the burst frequency and the char-acteristic period T significantly, which places the observing conscious apparatus into a regime where oscillations are transparent. More recent studies on the influence of hallucinogenic drugs (Carter et al., 2007 (Carter et al., , 2005 indicate that it might be in the "rebound-phase" (a phase reached several hours after the peak of the drug influence) that a state of the type indicated in Fig. 5 and in Ref. (Carter and Pettigrew, 2003) may be realized and that this state may not be related at all to the state of consciousness reached at the peak of the LSD influence. More specifically, in Ref. (Carter et al., 2005) , it was found that the response of subjects at the peak of the drug influence was found to be significantly slower; however, switches for all subjects became increasingly faster, such that six hours later some subjects were switching at intervals that were shorter, more regular and more rhythmic than their pretest levels. Therefore, this is also consistent with the results of Ref. (Carter and Pettigrew, 2003) where the subject was tested many hour later than the peak of the drug influence.
We would like to comment about the so-called weak quantum theory (WQT) (Atmanspacher et al., 2002) which is an attempt to generalize the formal framework of quantum theory in such a way that complementarity and entanglement might be useful in a broader context. The WQT has been used to describe ambiguous perception (Atmanspacher et al., 2008 (Atmanspacher et al., , 2004 . There are the following important differences between the present work and WQT and its applications (Atmanspacher et al., 2008 (Atmanspacher et al., , 2004 : (a) The formalism used in the present paper to describe the dynamics of the mental processes, is identical to that of orthodox quantum theory and we found no need to resort to some other mathematical foundation in the present paper. In addition, there are important differences between the two mathematical models, as applied to the problem of multi-stable perception, namely between the application of WQT and our work. (b) In the present paper the problem of binocular rivalry is studied rather than the problem of ambiguous perception.
B. Periodic removal of stimulus
Next, we discuss the results of Ref. (Leopold et al., 2002) where the stimulus was periodically removed as shown in Fig. 6 . Namely, the stimulus appears and disappears periodically and both rival images are presented to awareness for a time interval T on , and for a time interval T of f both images are removed. It was found that the frequency of perceptual alterations can be slowed down, and even brought to almost a standstill. These experimental results are very important because they provide clear support for the present theory.
Here, we are dealing with a frequency operation and a time-evolution operator which changes with time as measured by an external clock. Namely, the frequency operator is given by a constant operatorω(t) =ω (which is a 2 × 2 matrix), in the on-stimulus time intervals andω (t) = 0 in the off-stimulus intervals. When the rival images are presented, the evolution occurs according to the frequency operatorω given by Eq. 14 and when they are totally absent the frequency operator is a constant C (which can be taken to be zero). The general solution of the Schrödinger-like equation, whenω(t) is time dependent, is given by |ψ t = e i t 0 dt ′ω (t ′ ) |ψ 0 , which implies that |ψ(t) in the on-stimulus intervals evolves as before and during the off-stimulus interval the state of potential consciousness "freezes".
In Fig. 7 the probability distribution of the dominance duration is shown. Notice that the probability distribution which corresponds to continuous presentation of the stimulus (solid line), splits into separate parts (grayshaded) with duration T on , when the stimulus is presented intermittently. However, if we eliminate these blank intervals (as if they did not exist) and the separate parts are placed side by side, the result is the same as the distribution obtained with continuous presentation of the stimulus. This result has a number of consequences and we would like to mention the following two: (a) For fixed T on , the average dominance duration grows linearly with the blank duration T of f . (b) For fixed blank duration T of f , the average dominance duration decreases with increasing T on . These conclusions agree well with the available experimental results (Leopold et al., 2002; Orbach et al., 1966) . We would like to note that when the stimulus turns on after the blank duration, the change itself is expected to cause a measurement. Our simulation shows that, if at the beginning of the "stimulus on" periods we always start with a burst of N f measurements and the bursts which follow this initial burst are selected according to the same probability distribution, there is additional broadening of the distribution, thus, further increasing the dominance duration. In this case the above mentioned features (a) and (b) are only approximately valid. 
V. DISCUSSION
The present explanation of the phenomenon observed, when the stimulus was periodically removed, is based on the fact that our theory places the attention of consciousness higher, in the hierarchy of consciousness, than the two stimulated neural correlates in the brain. If we interrupt the external process which presents to awareness the mixture of the two potential states, the state of potential consciousness remains (as memory, with no oscillatory evolution) on the most recently collapsed percept; namely, because of the interruption of the external stimulation of the rival state, there is no reason for alterations of the state of potential consciousness because there is no likelihood associated with the other percept. Therefore, when a new stimulation occurs, where both conscious symbols are presented to awareness, evolution of the state of potential consciousness begins starting from the previously collapsed state. Thus, shortly afterwards, the state of potential consciousness will collapse again in the previously collapsed state with high probability. Hence, when the external presentation to awareness of the stimulus is halted, the time evolution of the state of potential consciousness stops, and the perceived time stands still.
Role of Attention:
There are recent studies Mitchell et al., 2004; Ooi and He, 1999) where attention can bias the initial selection of state in binocular rivalry toward the attended state (or stimulus). In our formulation attention is a fundamental aspect of consciousness. Attention is the voluntary or involuntary preparation of the state of potential consciousness with increased likelihood, which causes biased preference, for a certain event or events to occur. If the initial state of potential consciousness is prepared in such a way to be the state |1 , this state will be a preferred state when an event occurs soon afterwards.
There are two types of factors which can enhance attention. 1) Bottom-up factors: If we make the diagonal terms of the operatorω different, the probability distribution of dominance durations for state |1 and for |2 would be equal. However, the transition rates would be smaller, a fact that prolongs dominance durations (because there is a potential barrier to be crossed for the oscillations to occur). This is in agreement with the experimental conclusions Meng and Tong, 2004) . 2) Top-down factors: Instructing the observer to pay attention to one particular perceptual state influences and modulates the frequency of measurements. When one eye's stimulus is strengthened (e.g. by increasing contrast), the mean dominance duration of the other (unaffected) eye decreases (Levelt, 1968) . In this case the rate of observations f s is different for each of the two eyes. The contrast difference causes the "observer" to increase the rate of observations of one of the states when that state is being experienced.
VI. THE ISSUE OF DECOHERENCE
If we consider the formalism of quantum theory as a mathematical foundation that describes the microscopic world, it is very difficult to make a convincing argument that the brain dynamics is governed by quantum theory because of the issue of decoherence (Giulini et al., 1996; Joos and Zeh, 1985; Tegmark, 2000; Zeh, 1970) . In this work, however, we argued that quantum theory is a broader foundation and it can describe the subjective experience of our thought process and more generally, the perception process. We have reasoned that we can use the formalism of quantum mechanics to describe the testimony of observers where their subjective experience is recorded.
Taking this work seriously, we may postulate that the formalism of quantum theory primarily describes the process of perception and thought. According to such an approach, the reason for the applicability of quantum theory in the microscopic phenomena is because the character of our interaction with the microscopic world can be viewed in the same way as was done here for the case of the perception/thought process. The stimuli from the external world reach our consciousness only through the application of the abstract process of thought and perception (Von-Neumann, 1955) . Therefore, in order to describe the external world as it is perceived by our conscious apparatus, we need to treat it using the same formulation used to describe the process of perception and thought. Otherwise we would use two different ways of describing our interaction with the external stimuli and this would be inconsistent.
The experimental activity to determine the properties of matter at the atomic or subatomic level can be regarded as an application of the process of perception and thought through the elaborate extension of our sensory apparatus, i.e., using the experimental instruments which are made using the thought process. The questions we ask, when probing the microscopic world, are based on mentally conceived notions while the "object of observation" behaves as "stimulus" to the observing device which is an extension to our sensory apparatus. Furthermore, when we operationally apply our mental constructs through the observing instruments to the microscopic world, they cause significant effects on the nature of the outcome of the perception or measurement process. Namely, the nature of the questions raised in this case have a determining effect on the observed and, this clearly forces us to use more explicitly and more clearly the formalism which describes the process of the operation of thought and perception. Classical mechanics is just a limit of quantum theory when the perturbation caused on the observed as a result of the measurement process is relatively small. Therefore, in order to describe the operation of consciousness and of thought one does not have to explain how the decoherence is avoided in the brain (Tegmark, 2000) . This becomes an issue only in the case where one believes that quantum theory is a theory only describing microscopic particles and, thus, when one tries to explain the brain activity starting from such a belief it is difficult to understand how decoherence effects do not become important. Here, however, a very different argument is used, namely, that the mental/abstract process of thought and consciousness is mathematically described by the formalism of quantum theory as described in Sec. II; the fact that the formalism of quantum theory is applicable in the microscopic world follows from this assertion. According to this scenario, in order to describe the process of throught using the formalism of quantum theory, we do not need to identify microscopic processes and to show that they survive the effects of environmental decoherence. It is simply the wrong basis, the wrong level to begin in order to describe the operation of consciousness.
VII. CONCLUSIONS
In summary, the present theory accurately describes: (a) the distribution of dominance duration in binocular rivalry; (b) the qualitative change in distribution of dominance duration and the appearance of oscillations in subjects which were studied under the influence of hallucinogenic drugs which, as is found, increase the neuron firing rates and decrease the potential frequency; (c) the marked increase in dominance duration by periodic removal of the stimulus.
Furthermore, for binocular rivalry experiments where the stimulus is periodically removed, a distribution of perceptual alterations as a function of time is predicted and this can be tested in future experiments. In this appendix we study the role of the parameters which control the neuron firing rates and the various qualitative different regimes of the present model.
In Fig. 8 we study the effect of changing the firing frequency within any given burst. Therefore we keep the other parameters, namely, the average interval between the end of a burst and the beginning of the next burst T b /T = 0.1 and the burst duration δT ≡ N f T f = 0.1, fixed. Notice that if we change the number of measurements (which result to neuron firings) within each burst from 10 to 50 the calculated probability distribution of dominance duration P (t) changes significantly only for 0 < t ≤ δT . This means that when the average interval between measurements is reduced the probability for perceptual change is significantly reduced. The reason for that change is the so-called quantum Zeno effect. This can be easily understood if we consider that the measurements are done at equally spaced intervals δt = δT /N f . The expression given for the transition probability gives and for large N f the leading term is
In Fig. 9 and Fig. 10 we demonstrate the effect of increasing the burst duration δT . We need to distinguish two regimes:
1. When δT ≤ T b . In Fig. 9 it is demonstrated that, by increasing N f from 50 to 500, the initial interval where P (t) is small (of the order of that given by Eq. 24) is extended and it is of the order of δT . The oscillatory behavior of the function P (t) which is controlled by the period T is unchanged but with the onset delayed by δT .
2. When δT > T b , as in the example of Fig. 10 . In this case an increase of δT leads to an oscillatory behavior with period given approximately by δT . In Fig. 10 (middle and bottom) the dashed line is the average measurement probability density. Notice the oscillatory behavior of the measurement probability density matches the oscillatory behavior of P (t).
In Fig. 11 the function P (t) calculated for small values of T b /T (and δT /T = 0.05) is plotted. The function P (t) for large t decays exponentially with a decay time constant which increases by decreasing T b as in the quantum Zeno case.
In Fig. 12 the function P (t) calculated for larger values of T b /T (and δT /T = 0.05) is plotted. The function P (t) is oscillating with period T and with envelop of the oscillation decays exponentially with a decay time constant which increases by increasing T b .
